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ABSTRACT

An instrument that remotely senses the integrated amounts of water vapor and liquid on a path through
the atmosphere is discussed. The vapor and liquid are measured simultaneously but independently by
microwave radiometers. Comparison of the accuracy in measurement of vapor is made with radiosondes,
and of liquid with an independent method employing transmission from a geosynchronous satellite. The
instrument is designed for unattended operation; examples of measured data are given. Applications including
observations for weather forecasting, weather modification, solar-radiation studies, and instrumentation for

geodetic metrology are also discussed.

1. Introduction

The amount of tropospheric water vapor and liquid
is highly variable in both time and space, therefore
continuous measurements in real time are needed to
determine the evolution of these quantities. Examples
of applications of such data are encountered in de-
termining heat balance in climatology, in weather-
modification experiments and in forecasting on the
mesoscale. At microwave wavelengths, both water
vapor and liquid possess absorptive properties, and
therefore produce emission that is detected by radi-
ometers. The emission “signals™ are then processed
by a suitable algorithm to retrieve the integrated
amounts of vapor and liquid in the beam of the ra-
diometric antenna. For versatility, the beam must be
fully steerable.

Application of a 20-30 GHz microwave radiome-
ter (Guiraud et al., 1979) to measurement of water
vapor has shown that the accuracy in measurement
of precipitable water vapor is better than that of op-
erational radiosondes (see also Hogg et al., 1983, in
a companion paper, this issue). Radiometric mea-
surement of the integrated amount of liquid, when
liquid-bearing clouds are in the antenna beam, can-
not be compared with operational radiosondes since
the latter do not make measurements of liquid rou-
tinely. However, a separate and independent instru-
ment for accurate measurement of cloud liquid, based
on transmission methods (Snider et al., 1980a), has
been used for direct comparison with dual-channel
radiometry (Snider et al., 1980b). These comparisons
show that dual-channel radiometers indeed provide
accurate values for the amount of integrated liquid
in clouds.

Because ice has negligible absorption at these fre-
quencies and therefore has negligible emission, ice
clouds and dry snow are not detected by this instru-

"ment.

The vapor and liquid are measured simultaneously
and also independently, provided the liquid content
is not too high, e.g., during heavy rain.

2. Factors influencing design of the instrument

Seven design considerations that result in high sta-
bility, sensitivity, and reliability in the instrument are
discussed in detail in the following sections; they are:

o Two frequencies, 20.6 and 31.6 GHz, are used,
affording simultaneous measurement of the inte-
grated vapor and the liquid in clouds (Sections 3, 8
and 10).

¢ The frequency, 20.6 GHz, which primarily senses
the vapor, is removed from the peak of the absorption
line (22.2 GHz); this results in a measurement of in-
tegrated vapor that is relatively independent of pres-
sure, (Westwater, 1967), i.e., independent of the par-
ticular distribution of water vapor with height (Sec-
tions 3, 8 and 9).

® 31.6 GHz primarily senses the liquid (Sections
3 and 8).

o The electronics of the radiometer, the antenna
and associated feed are all housed in a benign envi-
ronment (Section 4).

¢ The antenna system, an offset paraboloid with
a hybrid-mode feed and flat reflectors for beam steer-
ing results in high-quality radiation patterns that
minimize the effect of extraneous sources of radiation
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{noise); the antenna aperture is devoid of blockage
(Section 4); all-weather operation is a major principle
guiding the design and fabrication. ‘

o The antenna operates with the same beamwidth
at the two frequencies; this allows for proper opera-
tion when liquid-bearing clouds are present, i.e., with
the same filling of the beams, and also leads to high
accuracy in measurement of vapor at low elevation
angles.

¢ The radiometer is triple-switched, two reference
loads being provided; this results in continuous un-
attended calibration and high stability.

3. Frequency considerations

It is common practice to use a frequency at the
peak of an absorption line to measure the amount
or density of a substance. In particular, when radio-
metric techniques are used, the “signal-to-noise” ratio
is largest at that frequency; provided the pressure and
temperature are constant, using this frequency can
result in a good measure of the amount of the sub-
stance.

But when the pressure and temperature change, as
occurs with height for water vapor in the troposphere,
operation at the line center is not optimal. The phys-
ical reasoning behind this argument is indicated sche-
matically in Fig. 1 by the pressure-broadening of the
absorption line at 22.2 GHz. As indicated, at 20.6
GHz the change in absorption caused by pressure
broadening is minimized but at the expense of drop-
ping to about three-quarters of the peak absorption.
Calculations on the improvement in accuracy of de-
termining atmospheric vapor using 20.6 GHz (rather
than 22.2 GHz), calculated from typical profiles mea-
sured by radiosondes, are given by Westwater (1978).

The other frequency in the dual-channel system,
31.65 GHz, is situated in a transmission “window”
of the troposphere. At this frequency, the absorption
coefficient of water vapor under standard conditions
is lower than the value at 20.6 GHz by a factor of
about 1.8. Conversely, absorption by liquid water at
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FIG. 1. Absorption by water vapor at different pressures showing
variation on the peak of the line and invariance at 20.6 GHz.
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FIG. 2. Side view of a steerable dual-channel radiometer showing
the mechanical layout; a central ray from the zenith is shown as
dashed lines with arrows.

31.65 GHz is about 2.2 times greater than that at
20.6 GHz. From an operational point of view, 31.65
GHz is desirable because it is centered in a band al-
located to passive space research.

The brightness temperatures at the two frequencies
are incorporated in a pair of simultaneous equations
to retrieve the amounts of vapor and liquid. In Sec-
tion 8, the method of retrieval and the coefficients in
these equations are discussed in more detail.

4. Physical configuration

A cross-section of the physical layout of the system
is shown in Fig. 2. The electronics for both the 20.6
and 31.6 GHz radiometers are located in a single
package, and the feed horn for the offset paraboloid
is mounted in a wall of the box containing the elec-
tronics. This arrangement provides a benign environ-
ment, in particular essentially constant temperature,
for both the electronics and the antenna. The mini-
computer, an LSI 11/02, is also located inside the
trailer. A heat pump (not shown) is used to stabilize
the temperature of the trailer housing.

The offset paraboloid and feed horn are of the same
design as discussed by Hogg et al. (1979); the config-
uration is such that the aperture is unblocked and the
corrugated (multi-mode) feed such that equal beam-
widths are produced at 20.6 and 31.6 GHz. The per-
formance of this feed-reflector. combination is dis-
cussed in detail in the above reference. It remains to
provide full steerability for the beam without intro-
ducing blockage to the radiation.

The roof of the trailer, although structurally strong,
is further braced by supports surrounding the offset
paraboloid as indicated in Fig. 2. Above these sup-
ports is incorporated a bearing which is 75 cm in
diameter. On this bearing, in turn, is mounted a struc-
ture (rotatable with the bearing) that serves as a sup-
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F1G. 3. Side view of a mobile dual-channel radiometer located at the Denver Weather Service
Forecast Office.

port for two flat reflectors. The flat immediately above
the bearing is fixed on the rotatable structure; it is
referred to as the azimuth flat in Fig. 2. The flat on
the outrigger of the structure is mounted on an in-
dependent bearing that rotates in a plane orthogonal
to the azimuth bearing. When this flat is rotated, the
antenna beam scans in elevation; it is referred to as
the elevation reflector in Fig. 2. Full-sky coverage by
the antenna beam can therefore be achieved by suit-
able rotation of the two bearings (modes of scan are
discussed further in later sections). External elements
of the antenna system are shown on top of the trailer
in Fig. 3.

The azimuth flat and bearing are protected with
a weather-tight cover fitted with a multilayer micro-
wave window (see Fig. 2). The window is formed of
mylar sheets 0.05 mm thick; it is shielded from the
weather by a cowling whose primary function is to
prevent rain from wetting the microwave window. A
double window is used to help prevent condensation
on the outer surface during humid conditions. An
external heater on the floor of the cowling is added
if condensation is a factor. The physical rationale for
this design is that, in the case of the reflector, radiation
reflects (in part) from a water layer, whereas if a wet-
ted window were involved, the radiation must pass
through. For a layer thickness of 0.1 mm, for ex-
ample, the wet window absorbs about 50 times more
than the wet reflector, and the brightness temperature
is about 30 times higher.

Mobility of the instrument is achieved by using a
trailer as both a small laboratory and an antenna
platform. However, because of clearance restrictions
on many highways, the flat-reflector assembily is re-

moved from the azimuth bearing and stored in the
trailer for long-distance transport. Several long-dis-
tance trips have been satisfactory in every respect.

5. Electronics package and computer

The radiometers are of the Dicke switching type
and are operating in an off-balance mode. Both ra-
diometers, including all associated electronics, are
mounted in the same 46 X 18 X 61 (cm) enclosure.
The power supplies and controls are excluded from
the package for convenience and because of temper-
ature considerations. Table 1 lists the characteristics
of the radiometers. We apply signal integration ex-
ternal to the radiometers, which improves the sen-
sitivity further.

The radiometer design can best be understood by
following the block diagram, Fig. 4. Emission signals
are focused into a wideband feed by an offset 50 cm
X 50 cm paraboloidal surface (not shown in the block
diagram). Following the antenna feed, the two fre-
quencies are split and passed to the two radiometers.
The through port of the splitter is stepped down in
size to the 31.65 GHz waveguide, and the 20.6 GHz
signal is taken from the sidewall port. The switch is
a three junction, five-port, ferrite device; it requires
slightly over one microsecond to settle after being
switched and can be toggled at a 2 kHz rate. The
design of the radiometers extends the normal Dicke
design by adding a second calibration source to the
switching sequence (Guiraud et al., 1979). The source
we refer to as the reference load is a temperature
controlled, waveguide termination; the temperature
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TABLE 1. Radiometer characteristics.

Radiometer | Radiometer 2

Center frequency 20.6 GHz 31.6 GHz
Bandwidth 1 GHz 1 GHz
Receiver noise temperature 680 K 725 K
Sensitivity w AGC 0.26 K 0.26 K

is controlled at 45°C, a level higher than the expected
ambient will reach. The second source, the “hot
load,” is also a temperature controlled waveguide ter-
mination at 145°C. Junctions A and B are used to
connect in sequence the antenna, the hot load and
the reference loads to the mixer through Junction C.

The microwave mixers are of balanced design, us-
ing selected low noise Schottky-barrier diodes. In-
corporated in the mixer package is a series of thin-
film wideband amplifiers with a video detector at the
output. A 50 MHz high-pass filter is added in the IF
section to reduce shot noise; to maximize sensitivity
no other filtering is added. The high side of the band
pass of the amplifiers exceeds 1.5 GHz. Sufficient gain
is provided by an external video amplifier to produce
a 2 volt peak-to-peak video signal at the input to the
.synchronous detectors. Two synchronous detectors
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are required to make use of the triple switching. One
is gated to detect the power difference between the
antenna and reference load; the other to detect the
difference between the reference and the hot load.
The voltage produced by the second synchronous
detector is in effect a monitor of any changes in gain
and is used as an automatic-gain-control (agc) level
in the computer. The output from the first synchro-
nous detector is referred to as the signal channel. The
synchronizing oscillator controls the switching se-
quence of the ferrite switch and the gating of the syn-
chronous detectors.

The dotted lines surrounding areas in the block
diagram (Fig. 4), are areas under temperature control;
thermistors are used as the temperature-sensing ele-
ments. The hot load and reference load are temper-
ature controlled, and we also include the ferrite switch
block with the reference load; this ensures that the
associated waveguide losses of the switch do not mod-
ify our reference noise level. A 0.1°C temperature
control for the reference load and hot load is main-
tained for weeks on end. The whole electronic pack-
age is temperature stabilized near 37°C. Linearized
thermistors are used to monitor the temperatures of
the hot load, reference load, and antenna waveguide;
these measurements are all critical to accurate re-
duction of the brightness measurements.
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FI1G. 4. Electrical layout of a radiometer; temperature is monitored at points marked by asterisks.
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6. Computer system

Data from the dual-channel radiometer are pro-
cessed in real-time in an LSI-11/02 minicomputer.
In addition, the computer system controls many ra-
diometer functions including data sampling rates,
averaging intervals, output data rates and initiation
of periodic radiometer self-calibrations. In the present
model, antenna position is not controlled by the com-
puter; however, this capability can be readily added
if desired.

The LSI-11/02 minicomputer operates with 32 000
16-bit words of active semiconductor memory; in-
active system software and radiometer data are stored
on magnetic disks. The magnetic disk drive unit con-
tains both a fixed and a removable disk. Each disk
has two recording surfaces with a storage capacity of
4762 512-word blocks. System software is stored on
the fixed disk and radiometric data are archived on
the removable disk.

Communication with the computer is through a
teletype terminal. Output data are also printed out
periodically on the terminal.

Computer software supports three radiometer
modes of operation:

1) Fixed azimuth and elevation angles,

2) Continuous 360 degree azimuth scans at a fixed
elevation angle,

3) Variable azimuth or elevation scans with the
remaining axis fixed.

The system is capable of unattended, continuous
operation in modes 1 and 3. Mode 2, which is em-
ployed to measure the spatial distribution of vapor
and liquid in clouds, requires an operator to be pres-
ent. Operating mode is changed either by activating
the appropriate computer program or, for mode 2,
by modifying the input parameters to a single pro-
gram. In all modes, the start of operation is self-
prompting, i.e., the operator enters input parameters
into the teletype terminal in response to questions
from the computer. Thereafter, program execution
is continuous until stopped by the operator.

Processed data outputs, path-integrated water va-
por and path-integrated liquid, are continuously dis-
played on a two-channel strip-chart recorder. The
recorder display is scaled to indicate directly total
water vapor in cm and total liquid in mm. In addi-
tion, the output data are printed on the computer
teletype at certain intervals. The print-out also in-
cludes a simple plot of water vapor and total liquid
versus time for ready identification of trends. Un-
processed radiometric data are written on a remov-
able magnetic disk for later processing if desired. Ta-
ble 2 summarizes the sample rates, input data aver-
aging times and output data update intervals for the
three operating modes. Output data are averaged over
the intervals shown.
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TABLE 2. Summary of data-processing characteristics for
steerable dual-channel radiometer.

Output interval

Sample Averaging
Mode of rate time Strip-
operation (Hz) (s) chart  Printer* Disk
1 10 10 10s 10 min 2 min
2 10 1 ls S min Ss
3 10 1 s 25deg 2.5deg

* A print-on-demand feature offers printouts at 2 min, 5 s and
15 s intervals, for modes 1, 2, and 3, respectively.

A 1.0-s radiometer time constant is used in all
modes of operation. In order to ensure an adequate
number of independent samples within the nominal
antenna beamwidth of 2.5 degrees, the antenna scan
rate is limited to 0.5 deg s™!. At the maximum scan
rate, five 1-s samples are obtained in 2.5 degrees of
antenna rotation.

7. Calibration

The two temperature controlled loads discussed in
Section 5a are used to establish the relationship be-
tween voltage output from the radiometers and input
brightness; junction B in Fig. 4 is the first common
point for all the signals. Since the waveguide leading
to the reference load is at the same temperature as
the reference load, the emission generated by the
guide exactly compensates for the quantity atten- .
uated; this is not the case for the signals coming from
the antenna and hot load. For the transmission path
to the antenna we first estimate the attenuation be-
cause it is extremely difficult to make a direct mea-
surement of such low attenuation. By monitoring the
physical temperature of the antenna line, we account
for both added emission and attenuation effects on
the signal. The waveguide from the hot load is tem-
perature controlled either in the hot load or in the
ferrite switch; the emission is therefore unchanging,
and we identify a factor with which we can muitiply
the indicated hot load temperature to determine its
effective temperature at junction B.

A value for this factor is found from a series of
“tipping curve” or elevation-scan measurements made
on cloudless days when the emission from the at-
mosphere is unchanging. An initial calibration is
made by first placing a high quality absorber in front
of the antenna; the output voltage from the radi-
ometers and the physical temperature of the absorber
are noted. The antenna is then directed toward the
zenith, and the output voltage is again noted. The
zenith brightness temperatures may fall between 10
and 40 K depending on the amount of vapor present;
initially a value of 20 K can be assumed. Using this
assumption and knowing the temperature of the ab-
sorber, the two points are used to define a temporary
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calibration. These tropospheric emission measure-
ments are related to absorption (1) by the expression

7 = In(Tp — 2.9)/(Tr — Tp), (N

_ where the absorption is in nepers,’ T,, is the mean
radiating temperature for the atmosphere, 7, the
brightness at the antenna input, and 2.9 is a constant
representing the cosmic background, all in K.

For calibration purposes, a relative value of ab-
sorption is all that is needed. The temperature 7, is
estimated at 270 K. We now plot the absorption
measurements taken by scanning in elevation, against
the number of atmospheres (secant of the zenith an-
gle). This curve is linear and must pass through the
origin, secant equal to zero, i.e., no atmosphere—no
absorption. The plot is adjusted to force it through
zero, if the assumption made in the initial two-point
calibration is not correct. The value of the adjusted
curve at one air mass is then the true relative zenith
absorption. Typical tipping curves showing measure-
ments of absorption at both frequencies versus num-
ber of atmospheres are given in Fig, 5. The true zenith
brightness is found by solving (1) for 7. In turn, the
hot load multiplying factor is found, thus establishing
~ an absolute calibration for the radiometers.

8. Retrieval methods
a. Statistical inversion

In deriving total precipitable water vapor and in-
tegrated cloud liquid from radiometric observations,
statistical retrieval methods are commonly employed
(Guiraud et al., 1979; Westwater and Guiraud, 1980;
Grody et al., 1980; Staelin et al., 1976). We will out-
line this method below, first in a form that is appro-
priate in the case where nonprecipitating clouds with
low attenuation are involved, and then in an adaptive
form that is designed to treat relatively high atten-
uation due to clouds bearing a considerable amount
of liquid water.

Under conditions of low attenuation, total absorp-
tion can be derived from atmospheric emission (Hogg
and Chu, 1975). This absorption can, in turn, be di-

rectly related to corresponding amounts of integrated -

water vapor V and cloud liquid L. As discussed by
Staelin (1966) measurements of low attenuation at
a vapor-sensitive frequency and a liquid-sensitive fre-
quency allow separation of the two phases.

If the total atmospheric transmission at frequency
v is written as exp(—7,), then measurements of mi-
crowave brightness temperature 7}, can be converted
to absorption 7, by

7y = =0Ty = T)(Tonr = Tin)); ()

! The number of nepers is given by the natural logarithm of the
ratio of output to input power transmitted through an absorbing
medium.
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as in (1), where T, is the cosmic background bright-
ness temperature taken to be 2.9 K, and T, is an
estimated ‘“‘mean radiating temperature.” For non-
precipitating clouds, we can write

Ty = KVvV + KLvL + Tdvs (3)

where xy, and «;, are path-averaged mass absorption
coefficients of vapor and liquid, and 7, is the dry
absorption. Since microwaves radiate only very weakly
from ice clouds (Staelin et al., 1975), their effect is
neglected here.

In the usual experimental situation neither the
mass absorption coeflicients «;, and «;, nor the dry
absorption 7,4, are known since they depend on the
unknown spatial distributions of pressure, tempera-
ture and humidity. As an example, Table 3 shows
calculations of the climatological variation of these
quantities over a two-month period at Oklahoma
City, Oklahoma. Note, in particular, that the liquid-
attenuation coefficients are subject to variations of
the order of 25-30%. Because of this variation, de-
riving ¥ and L from dual-frequency measurements
by simple matrix inversion is not optimal, and we use
instead statistical inversion. The application of this
technique to ground-based microwave remote sens-
ing is thoroughly discussed.by Decker et al. (1978).
For completeness we briefly outline the method
below.

The linear statistical inversion algorithm may be
written (Deutsch, 1965) as

ﬁ = <p> + <prle><d/le>—ldl’ (4)
where P is the estimate of the vector p, d is the data
vector, { - ) refers to ensemble average, d" is the trans-
pose of the vector d, and the primed quantities refer
to departures from the average, i.e.,d' = d — {d). The
matrix inverse (d'd")~" is assumed to exist.

In our applications of (4) to determine ¥ and L
from measurements of brightness temperature 75,
the two-component data vector d is chosen to be the
total absorption 7,, v = 20.6 GHz, 31.65 GHz. In
using (2), the quantity 7, is derived from T3, and a
climatological average mean radiating temperature.
The ensemble over which the averages and covari-
ances in (4) are calculated is based on a history of
radiosonde profiles; clouds are inserted into this en-
semble following the modeling scheme described by
Decker et al. (1978). Brightness temperatures are cal-
culated from the radiosondes using a standard water-
vapor absorption model (Waters, 1976) which ac-
counts for the empirical excess attenuation related to
the continuum absorption (Deepak, 1980; Gaut and
Reifenstein, 1971; Hogg, 1959);? instrument noise is

2 Evidence is beginning to mount that the dependence of this
absorption on total and partial pressure is considerably nonlinear;
this may lead to some modification of the absorption coefficients.
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simulated by assuming Gaussian noise. Numerical in nepers, and an instrumental noise level of 1.0 K
values- of the coefficients in (4) for selected clima- is assumed. In essence, (4) leads to the solution of
tologies are given in Table 4a for vapor and in Table two equations with two unknowns.
The predicted rms accuracies in the radiometric

4b for liquid. For these tables, the optical depth 7 is

TABLE 3. Climatological variation of parameters used in deriving vapor and liquid from dual-channel radiometric observations.
Based on Oklahoma City radiosonde observations during April-May 1975-77. v; = 20.6 GHz, v, = 31.65 GHz.

Kyt Kyu
(Np per (Np per Kpr KLy
Tar Tdu cm cm (Np per  (Np per L1} KLu Tours Toru
(Np)* (Np) H;0) H;0) cm H;O) cm H;0) Kvu Ky (K) (K)
Average 001320 002336 004257 002417 08289 17761 17761 22538 2718 2754
Standard deviation 0.00033 0.00059 0.00034 000127 02423 04978  0.0926 00492 5.1 5.7
S—‘a’l‘w—;‘;‘“ﬂ X100 2.51 251 0.79%  526%  29.23%  2681%  525% 2.18% 1.8%  2.1%

* See footnote 1 p 794 for definition.
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TABLE 4. Numerical values of the coefficients in Eq. (4).

(a) Water vapor

V= ao + awe+ 206 + @365 73165 (cm)

Tor (K) Tor (K)
Qo Q0.6 Qi es 20.6 GHz 31.65 GHz
Sterling VA
Jul-Nov —0.05662 30.429 —12.754 281.04 279.90
Sheridan CA
Nov-Apr —0.03980 30408 —13.363 272.99 271.13
Oklahoma
City OK
Apr-May —0.02067 29.623 —12.593 277.8 2754
Denver CO
All Year -0.00111 26966 —11.772 268.49 265.47
(b) Liquid
L = bo + b 7206 + baigs- Tares cm)
bo baos b3 65
Sterling VA
Jul-Nov -0.01285 -0.51291 0.85769
Sheridan CA
- Nov-Apr —0.01716 -0.33190 0.67706
Oklahoma
City OK
Apr-May -0.01034 —0.44446 0.75298
Denver CO
All Year —0.00950 —0.22866 0.56300

measurement of vapor and liquid in the zenith for
the conditions of Oklahoma City, Oklahoma are
shown in Fig. 6a. Note that, for cloud liquid much
in excess of 3 mm, retrieval accuracies are marginal.
As shown below, adaptive retrieval methods can in-
crease the range of cloud liquid over which accurate
retrievals can be obtained. However, because of the
low frequency of occurrence of nonprecipitating
clouds whose liquid in the zenith direction exceeds
3 mm, ordinary statistical retrieval methods are ad-
equate most of the time.

b. Adaptive statistical inversion

Linear statistical inversion techniques, described
in (a) of this section have led to accurate measure-
ments of water vapor during clear conditions or dur-
ing conditions of light clouds (Guiraud et al., 1979).
However, retrievals are not always satisfactory during
periods in which clouds with high liquid content are
present. To extend the range of cloud liquid under
which the radiometer can operate, Westwater and
Guiraud, (1980) developed an adaptive method of
retrieving both vapor and liquid. The method is adap-
tive in the sense that the retrieval coefficients are
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themselves functions of the amounts of liquid and
vapor that are present. For example, the relationship
involved in determining vapor now becomes:

V = ay(L) + al(Lyry6 + ax(L)73, 65

where the ag;(L) are the adaptive coefficients. These
coefficients for the climatology of Oklahoma City are
shown in Figs. 6b and 6d. The behavior of the coef-
ficients as a function of L is qualitatively explained
as follows. For L = 0, we are solving two equations
for one unknown; consequently, we derive a least
squares solution with positive 4, and a,. For inter-
mediate values of L, say 0.02 < L < 0.5 cm, we are
solving two equations for two unknowns, and the
resulting coefficients are close to those derived by sta-
tistical inversion (see Table 3). Finally, for L > 0.5
cm, the effective error resulting from large liquid
drives the coefficients a, and a, to zero, and the so-
lution approaches the climatological mean. The pre-
dicted rms retrieval error for vapor as a function of
liquid content is shown in Fig. 6¢. This figure, com-
pared with Fig. 6a, indicates the theoretical reduction
in error achieved by the adaptive coefficient method.

In a similar manner, we can derive coeflicients to
infer L from 7 if V is fixed. However, since the cli-
matic variation of the vapor mass absorption coef-
ficients is much less than that of liquid, the sensitivity
to Vis also much less for this case; this is seen in Fig,.
6d, where the liquid retrieval coeflicients are shown
as a function of V.

In Section 9, examples of retrievals are given using
the methods outlined above.

9. Measurements of water vapor

The integrated amount of water vapor in the zenith
direction, the total precipitable water vapor (PWYV),
is used routinely in weather forecasting, being espe-
cially relevant to prediction of precipitation. Radio-
sonde soundings, made twice daily at stations of the
National Weather Service (NWS), are integrated to
obtain the total PWYV; these are used in making long-
term comparisons of PWV with the measurements
of the dual-channel radiometer.

a. Long-term measurements

Total PWV measured by a dual-channel radiome-
ter with amounts obtained by operational radio-
sondes have been compared over a six-month period
at the NWS WSFO, Stapleton Airport, Denver, Col-
orado (Guiraud et al.,, 1979). An analog plot of total
PWYV, over a two-week period, is shown in Fig. 7.
The solid record is the radiometric measurement, and
the triangles are total precipitable water vapor from
integrated radiosonde data obtained at 12 h intervals.
Of the differences that do exist on individual readings,
we do not know how much is due to the radiometric
system and how much is error stemming from the
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FIG. 6c. Theoretical rms error in vapor retrieval
using the adaptive method.

radiosonde measurement. It is clear, however, that
during certain 12 h intervals [e.g., 8 August (p.m.) to
9 August (a.m.)], a considerable amount of vapor
passes overhead unobserved by the sondes.

Further insight into performance is obtained by
plotting precipitable water vapor amounts measured
by the radiometer, V', and the radiosonde directly
against one another, as in Fig. 8. In a six-month sam-
ple taken at Denver (Fig. 8a), the rms difference be-
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tween the two is A = 1.7 mm, some part of this being
attributable to each measuring device. A similar data
set, taken over a 3-month period at Sterling, Virginia,
is shown in Fig. 8b). For mid-range temperatures, the
rms difference between the PWV measured by op-
erational radiosonde, Vs, and the actual amount of
vapor, V,, is estimatedtobe 6§ = Vg — V4= 1.5 mm
for Denver where the average PWYV is about 1.5 cm.
Assuming no correlation between radiosonde and ra-
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FIG. 7. Time-series of precipitable water vapor measured by dual-channel radiometry compared
with amounts obtained by radiosondes at Denver, Colorado.

diometric errors, one obtains
(VR - VA)Z = Az - 62.

For the Denver data set, this results in 0.8 mm for
the rms error of the radiometric measurement. For
the data taken at Sterling, Virginia where the average
PWYV is about 3.5 cm, the estimate of the rms error
of operational radiosondes during average conditions
is taken to be 2.1 mm. Since the measured rms ra-
diometer/radiosonde difference is 2.6 mm at Sterling,
the radiometer accuracy is estimated to be about 1.5
mm. However, all that can be said with confidence
at present is that the radiometric values are about the
same as, or better than, those of the radiosonde.

It should be emphasized that all data for the mea-
surement periods, regardless of weather conditions,
are plotted in Fig. 8 for those times when total pre-

cipitable water vapor from the radiosondes was avail- .

able. This remark points to the fact that many cases
involving clouds are included.

b. Short-term measurements

First evidence of the overall stability of a dual-
channel system was obtained at Denver, Colorado,
in December 1978, as shown in Fig. 9. The atmo-
sphere became very dry, the precipitable water vapor
decreasing from 0.5 ~0.2 cm during the early morn-
ing. Then, for an interval of about two hours, 8 to
10 a.m., the atmosphere was remarkably stable. The
data over this interval, which had been recorded in
the form of 2 min averages, was analyzed; a rms de-
viation of 0.007 cm was obtained.

It is possible to determine the magnitude of the
vapor fluctuations and their associated periods by way
of spectral analysis (Hogg et al., 1981). The amount

of water vapor varies greatly with time. For synoptic
weather forecasting, one obtains this quantity by in-
tegrating in situ measurements from balloon-borne
radiosondes conventionally launched every 12 h; but
the periodicities of the variations span a wide scale.
Weather fronts and other phenomena give rise to
variations on the order of hours. In addition, there
are cloud-sized patches of vapor that produce fluc-
tuations with periods of minutes, as well as very
small-scale patches, caused by turbulence, that move
with the wind and can give rise to periods on the
order of seconds.

Fig. 10 is a time series showing how the PWY varies
during a time interval of a few days. On day 273, for
example, the PWYV decreased to half-value from mid-
night to midday, and then regained half of that de-
crease by evening. Periods of much less than an hour
are evident in the fine-grained low amplitude fluc-
tuations near noon of day 269. The time constant of
the instrument is 2 min for these data.

Examples of spectra are shown in Fig. 11; curve
(a) corresponds to the time series of Fig. 10. The
length of the individual data samples was 34 hours,
and five of these were averaged to produce the spec-
trum of curve (a). The weather was clear with broken
clouds; the average PWV for the period was about
1.2 cm, and the average wind was about 8 m s 1.
Another spectrum, taken under much drier condi-
tions, is curve (b) in Fig. 11; three 34 h data samples
were averaged.

A matter of considerable interest in the theory of
atmospheric structure is the slope of the power spec-
trum. Although we have found the shape to change
considerably with weather conditions, one can fit the
slopes of spectra such as those in Fig. 11 with rela-
tionships of the form S(F) = KF™*. However, it is
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clear from Fig. 11 that the curves can be more sat-
isfactorily represented by two straight lines rather
than by one. Such being the case, the behavior of the
PWYV spectrum appears to change at about F = 10,
corresponding to a period of about 2.5 hours.

c. Other comparative measurements

Another way of establishing the credibility of an
instrument of given design is to construct two of them

and compare the measured data from the two in-
struments in the same environment. Such a com-
parison was made during part of the summer of 1981
between two dual-channel radiometers, with verti-
cally-oriented beams, situated side-by-side at Denver,
Colorado. Fig. 12 shows a plot of precipitable water
vapor measured by the two dual-channel radiometers,
one as ordinate and the other as abscissa. The points
are 2-min averages. The root-mean-square difference
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between the two sets is about 0.8 mm, the same num-
ber as obtained by the estimate discussed in (a) of this
section in connection with the data of Fig. 8. Clearly,
the two instruments measure the same amount of
water vapor.

If the atmosphere happens to be horizontally ho-
mogeneous, and if the radiometric instrument is
properly leveled, the radiometer, with the antenna
beam at a fixed elevation angle, should produce a
constant output over a full rotation in azimuth. Un-
der the above assumptions, the constancy of the out-
put is some measure of the quality of the antenna
radiation pattern, especially when the elevation is
low. Fig. 13 shows three azimuth scans, with elevation
angle 20°, taken near Auburn, California, on 10
March 1981; each rotation is completed in about 20
min. The integrated vapor is about 3.5 c¢cm at all
azimuths, a fairly dry day, with corresponding PWV
of 1.2 cm; the 3.5 cm value appears to be well pre-
served over the one-hour period of measurement.

Vapor (cm)
1 7

[+]
268 272

Day of year

274 276

F1G. 10. Microwave radiometric measurement of total PWV for
a 7-day period at the Weather Service Forecasting Office, Denver,
Colorado. :

This behavior is, however, by no means typical; the
integrated vapor can be distributed in various fash-
ions as a function of azimuth.

Gross profiling of water vapor can be achieved by
a dual-channel radiometer in conjunction with sur-
face measurements of humidity. Surface measure-
ments of temperature and pressure are also beneficial
in the profiling process. The method used in retrieving
these profiles is discussed in detail by Westwater et
al. (1983) and is also referred to in a companion paper
in this issue (Hogg et al., 1983). Similar work has
been started in Sweden (Skoog et al., 1982). An ex-
ample of a vapor profile using this type of system is
shown in Fig. 14,

d. Comparison of retrievals using statistical and
adaptive-statistical methods

A dual-channel radiometer was operated at Lawton
(Fort Sill), Oklahoma as part of a Severe Storms and
Mesoscale Experiment (SESAME). The radiometer
was located there to provide a continuous monitor
of total precipitable vapor as it flowed from the Gulf
of Mexico into the SESAME monitoring area. There
were many periods during which clouds with high
liquid content were present; frequently these condi-
tions developed into severe storms and rain. Retriev-
als of vapor during these high-liquid conditions were
performed, using both statistical (Section 8a) and
adaptive statistical methods (Section 8b) because of
the high likelihood of heavy rain. We did not attempt
to retrieve vapor when the 30 GHz brightness tem-
perature exceeded 250 K.

We present data on a case study of a 7-day period
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for which 1) there were periods of high liquid content
and 2) the Fort Sill and the Oklahoma City soundings
were in reasonable agreement. The case selected is
shown in Figs. 15a, b, in which nonadaptive statistical
and adaptive retrievals are shown. During periods of
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high liquid the adaptive retrieval yields vapor esti-
mates substantially lower than those of the nonadap-
tive method, but the retrievals are practically identical
during periods of clear to low liquid content. In all
likelihood, the vapor estimates during times of high
liquid, such as the spikes of liquid greater than ~1
cm, exceed the true value.

10. Measurement of liquid

Interest in the amounts of liquid measured by dual-
channel radiometry was sparked by observations of
super-cooled liquid that were directly associated with
icing of aircraft (Hogg er al, 1980a). The interest
stemmed primarily from the weather-modification
community for whom the amount of liquid in winter
clouds is an important parameter. However, there
was no direct evidence of the accuracy of the amount
measured due, as mentioned in the introduction, to
lack of an independent method of measuring the lig-
uid routinely. An independent measuring system
based upon transmission of a millimeter-wave signal
from the COMSTAR satellite was therefore imple-
mented (Snider ef al., 1980a). Long-term side-by-side
comparisons of the amount of liquid in clouds were
made with this system and a dual-channel radiometer
(Snider et al., 1980b). The results of these measure-
ments are shown in Fig. 16 where the amount of
liquid measured by the dual-channel radiometer is
the ordinate and by the satellite transmission system,

4 T
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FIG. 12. Side-by-side measurements of precipitable water vapor by two dual-chan-
nel radiometers; Stapleton Airport, Denver, Colorado, 15 June-16 July 1981.
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the abscissa. Although the filling of the antenna

beams (by clouds) is not the same in the two systems,
these comparisons lend confidence that dual-channel
radiometers indeed measure the integrated amount
of cloud liquid quite well.

The steerable dual-channel radiometer has been
employed in weather-modification studies during the
winter months (Rauber et al., 1982). It is of interest
that the instrument can be unattended in some modes
of operation, and operated by someone given mini-
mal instruction for special modes. Examples of azi-
. muth scans (elevation angle 12.5°) showing the lig-
uid-bearing clouds approaching from the west are
given in Fig. 17, along with the integrated vapor on
the slant path. In this case, the scans are taken over
a period of about 20 minutes. As presently config-
ured, the instrument measures the integrated amount
of liquid with a sensitivity of about 0.1 mm. In Fig.
17, the integrated vapor is about the same, 6.5 cm,
at all azimuths during the four scans. But the clouds,
with peak amounts of integratéd liquid of about 4
mm; move from the west, over the site, toward the
east (as indicated on the fourth scan) during the one
and a half hour period.

11. Applications
a. Forecasting of weather

The relevance of observations made by dual-chan-
nel radiometers to weather forecasting is discussed in
some detail in a companion paper (Hogg et al., 1983),
therefore only a brief discussion will be given here.

An example of some early data measured by a dual-
channel radiometer in the zenith-pointing configu-
ration at Lawton, Oklahoma (Westwater and Gui-
raud, 1980), is shown in Fig. 18; this is a typical ex-
ample of behavior over a period of about a week in
early summer. Beginning with day 132, the amount
of water vapor overhead is low (less than 1 cm of
equivalent liquid), i.e., the weather is dry. But a grad-
ual increase in vapor takes place, and liquid-bearing
clouds appear on day 138. Further increase in vapor
to about 4 cm results in a heavy rain of rate 80 mm
h~! on day 140. It is data such as these that are be-
lieved applicable in improving mesoscale weather-
prediction.

Note in Fig. 18, during the interval on day 140
when the 80 mm h~! rain occurred, that the radi-
ometer saturates due to excessive radiation. The ab-
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sorption (and therefore emission) from the liquid is
so high that the retrieved vapor is in accurate during
that interval of time. Operationally, a threshold on
the amount of liquid permitted for a required accu-
racy in vapor can be applied; for liquid above the
threshold, the data are rejected. The application of
algorithms based upon adaptive retrieval coefficients
(Section 8b) can be implemented to alleviate this be-
havior somewhat.

b. Weather-modification experiments

The first long-term application of microwave ra-
diometers in weather-modification studies was, to the
best of our knowledge, by the Bureau of Reclamation
of the U.S. Department of the Interior, by the State
University of Utah and by the Colorado State Uni-
versity. The first and last of these organizations em-
ployed a fully-steerable unit built by the Wave Prop-
agation Laboratory for the Army Research Office.
Utah State University constructed their own instru-
ment, with the antenna beam scannable in the ele-
vation plane only, following the original design of
Guiraud et al. (1979).

The exterior component of the antenna system in
both cases is a 45° flat reflector, as mentioned in
Section 4. The effect of rain wetting this reflector is
known, by local spraying tests, to have little effect on
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overall operation. Likewise, dry snow on the reflector
is not troublesome since frozen water has negligible
loss, and only the phase of the electromagnetic waves
is somewhat perturbed (thereby modifying the an-
tenna radiation pattern somewhat). However, wet
snow that adheres to the flat reflector can cause se-
rious errors in both the vapor and liquid determi-
nations. The only practical way of overcoming this
problem (known to us) is generation of an automat-
ically initiated air-flow over the reflector by means
of a fan, or jet, thereby preventing the wet snow from
reaching the reflector. Tests on this technique have
been made at the State University of Utah and at the
Wave Propagation Laboratory.

Measurements of super-cooled liquid and vapor
taken by radiometers during weather-modification
exercises have been successful (Snider and Rottner,
1982), but these will be discussed in depth in future
publications. Utility of the data appears to be high
as an indicator for initiation of seeding, and in re-
lationship to formulation of realistic cloud models,
especially in the vicinity of mountain ranges.

c. Very long baseline interferometry and geodetic
metrology

Since variations in the amount of water vapor
along a path through the atmosphere are the prime
cause of variations in the phase of a radio wave prop-
agated along that path, the dual-channel radiometer
is useful in systems designed to measure crustal mo-
tion of the earth accurately. The short-term variations
in vapor are illustrated by the spectra shown in Fig.
11. The excess path length encountered by the radio
wave due to the vapor, is L, = 6.5V where both L,
and V are in the same units, say cm, V being the
integrated vapor along the path. With the high sta-
bility achieved by the dual-channel instrument in
measurement of vapor, it is estimated that the excess
path length L,, can be determined to about 0.5 cm
for long-term operation (Hogg et al., 1980b). Correc-
tions to this order of accuracy are of value in geodetic
surveying (MacDoran, 1979), and in related mea-
surement systems such as the Global Positioning Sys-
tem. Dual-channel radiometers for this purpose have
also been designed and implemented by the Jet Pro-
pulsion Laboratory and several other organizations
have units of the type discussed in this paper under
construction.

Experience has shown that the long-term variations
in path-integrated vapor are large enough to produce
changes in excess radio path-length of tens of centi-
meters, amounts sufficient to limit significantly per-
formance of the precise surveying systems mentioned
above. Real-time corrections for these varying path
lengths can significantly improve the resolution of
these interferometric systems.
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vapor and liquid.

d. Research on solar radiation through clouds, and
hurricane studies

_Measurements of both liquid in clouds and the
amount of vapor in the troposphere are of interest
in determining the amount of solar radiation reaching
the surface of the earth. The liquid is believed to at-
tenuate the radiation more strongly than the ice in
clouds (Platt, 1981). Thus experiments utilizing mi-
crowave dual-channel radiometers in conjunction
with pyranometers are expected to be performed in
the near future. This work is related to studies of
climate.

The amount of liquid above the zero-degree iso-
therm is a useful parameter in the study of hurricanes.
Although the amount of vapor above that level can
sometimes be estimated by other means, a dual-chan-
nel (rather than single-channel) instrument is pref-
erable because the liquid and vapor are separately
measured, and ambiguity as to the amount of liquid
is obviated.

In these two research applications, it is mandatory
that the instruments be mountable on aircraft since,
in the case of the solar studies, observations are also
often taken over the oceans. Preferably, the config-
uration for the antenna on an aircraft would be sim-
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FIG. 18. An 8-day buildup of precipitable water vapor resulting
in high liquid content in clouds, and finally, heavy rainfall.

ilar to the design in which the beam is scannable only
in the elevation plane (Guiraud et al, 1979). The
antenna elements would be about half the size of
those in the ground-based model, and the flat reflec-
tor, about 30 cm in dimension, would preferably be
mounted on the side of the aircraft. The half-power
beamwidth of the radiation pattern would be about
6°, the beam being pointable toward the zenith or at
any angle from zenith forward to the line of flight.
In this configuration, elevation scans, similar to those
discussed in Section 7, can be made if any calibration
is required. ’
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